The behaviour of free electrons in ionic crystals in the presence of an external field is studied. It is shown that the usual method of calculating the electric current is incorrect. The correct solution shows that-on the usual assumption that electrons are scattered by the lattice vibra tions only-a stationary state is impossible. Stationary conditions can probably be obtained by considering collisions between electrons as well. For very small electron density, how ever, these latter collisions are negligible. It is shown that in this case the possibility of reaching stationary conditions depends on the behaviour of electrons whose energy is large enough to ionize or excite ions of the lattice.
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The behaviour of free electrons in ionic crystals in the presence of an external field is studied. It is shown that the usual method of calculating the electric current is incorrect. The correct solution shows that-on the usual assumption that electrons are scattered by the lattice vibra tions only-a stationary state is impossible. Stationary conditions can probably be obtained by considering collisions between electrons as well. For very small electron density, how ever, these latter collisions are negligible. It is shown that in this case the possibility of reaching stationary conditions depends on the behaviour of electrons whose energy is large enough to ionize or excite ions of the lattice.
I n t r o d u c t io n a n d d is c u s s i o n
In the present paper it will be shown th at no stationary state can be reached on the assumptions conventionally made in calculating the electric current in solids. According to these assumptions, the conduction electrons are considered as free except for their collisions with thermal lattice vibrations and other lattice imperfections. Collisions between electrons are considered as unimportant. While this latter condition can hardly be true for conductors or for good semi-conductors, it should hold for such semi-conductors for which the density of conduction electrons is so small that they are practically insulators. This case is of importance for the theory of dielectric breakdown, and its implications are discussed in the previous paper. Furthermore, the present paper shows th at the mathematical approximation generally made in the calculation of the current is incorrect, although for high electronic density the results obtained can probably be justified if the influence of the mutual collisions between electrons is taken into account. The usual procedure is to assume th at on averaging over all directions the perturbations of the energy distribution by a weak external field cancel. This means th at the energy exchange between field and electrons, and between electrons and lattice vibrations can be considered as unimportant, a fact which will be disproved in the present paper.
The impossibility of reaching a stationary state in an external field on the assump tions stated above can be demonstrated by an elementary consideration discussed in previous papers (Frohlich 1937 (Frohlich , 1939a . Roughly speaking, the rate of energy transfer from the field to an electron is on an average over many collisions proportional to the time of relaxation (approximately the time between two collisions), whereas the rate of energy transfer from the electron to the lattice vibrations is inversely proportional to it. Since for not too slow electrons the time of relaxation increases with the electronic energy, sufficiently fast electrons will on an average gain more energy from the field than they can transfer to the lattice. An electron which by a fluctuation reaches this high-energy region has, therefore, a very small chance of returning to lower energies. Thus all electrons will gradually drift to ever higher energies, i.e. a stationary state is impossible. This elementary consideration, although instructive, is not sufficiently accurate, however, to replace the exact proof given below.
The assumptions leading to this unexpected result cannot be maintained for electronic energies larger than the smallest energy required to excite or ionize an ion or atom of the lattice. This means that an additional investigation will be required in order to find if this new type of collision can establish equilibrium. In the previous elementary treatment it was assumed that equilibrium is always possible unless the external field is so strong that the energy region beyond which an electron will drift to ever higher energies falls below the lowest excitation energy. It has so far not been possible to find an exact proof for this assumption. Nevertheless, the considerations of the present paper establish that the possibility of reaching stationary conditions in an external field is decided by the behaviour of electrons whose energy is of the order of the internal excitation energy, provided the density of the conduction electrons is so small that their mutual collisions can be neglected. This result seems to be of importance in view of recent discussions on this subject (Seeger & Teller 1939; Frohlich 19396 ).
The energy distribution (cf. equation (20)) obtained on the assumption that equili brium can be reached resembles a Maxwell distribution only at small energies, whereas at large energies the distribution function takes on much higher values. The deviation starts at energies at which, roughly speaking, the energy change due to the acceleration by the field between two large-angle collisions, amounts to TcT.
K i n e t ic e q u a t i o n a n d e n e r g y d i s t r i b u t i o n H. Frohlich
Consider an ionic crystal with N electrons in the conduction levels. These electrons will be treated as free, i.e. if v is the velocity of such an electron its energy E is given by Later on, instead of E, a dimensionless variable x will be used, defined by
where T is the temperature. An electron will collide with the lattice vibrations, but N is assumed to be so small th at mutual collisions between electrons can be neglected. Furthermore, it will be assumed that all lattice vibrations have the same frequency, v, as is approximately the case in alkali halides. A distribution function / can now be introduced in such a way th at is the probability of finding at the time t an electron with an energy between x and x + dx, and with a direction of motion within a solid angle dQ around a given direction. Clearly
In equilibrium in the absence of an electric field/ will be isotropic, i.e. independent of the direction of the velocity. In the presence of an external field F, however, the equilibrium distribution will depend on the angle 6 between F and v but not on the azimuth. Consideration will be given here not only to equilibrium distributions but also to distributions which depend on time t. I t will, however, always be assumed that / is independent of the azimuth, i.e. / = f (x, 6, t) . Thus / may be developed in a series of Legendre polynomials f M t ) = £ / » ( * , * ) P *(cob (4) n**0 This series will be assumed to converge rapidly, and to change only slowly with time. In particular IAN/. and (5) where r is the time of relaxation, i.e. roughly the time between two large-angle collisions.
Since \PndQ = 0 except for n = 0, the function/0 determines t of electrons, and | f x | <^/0 means that only small deviations from an isotropic dis tribution will be considered. The function/x, on the other hand, determines the electric current I. In fact, considering Px -cos the Pn, one finds ijvcoB OfJxdxdQ = jv fx^Jxdx.
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Consider now such temperatures and energies that kT^>hv and (7) Then in § 3 it will be shown th a t the functions/0 a n d /x satisfy the following equations (/o = 3/o/3*):
Here B(x) is the energy transferred per second from an electron with the energy x to the lattice vibrations. C2(x) is connected with B and with the quantity
'2AN represents the rate of energy transfer from the field to the electrons (cf. (21)).
In the following section it will be shown that the energy dependence of r and of B is given by
respectively, provided the energy is larger than an energy which is of the order of 1 eV. Below E0, r oc x*} but the expression for B remains unaltered as long as (7) is fulfilled. Thus
Equation (8) can be written in the form of a one-dimensional diffusion equation dt dx by introducing in x-space a density function
and a current density
In the stationary case, dgjdt -0, and hence using (14) j(x) = constant.
Now equations (8) or (16) have to satisfy a boundary condition at 0 which describes the fact that there can be no diffusion of electrons into or from negative-energy regions, x <0. For the stationary case this means that
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Combining (17) and (18) yields j(x) = 0, or using (16)*
Hence the energy distribution in the stationary case must have the form
where a is constant. For small energies, 1, and hence f 0(x) ~ ae~x becomes a Maxwell distribution. For large x, however, since increases oc (cf. (13)), the value C2 -1 will be reached (when eFr(x) v ~ kT) and surpassed, however weak the external field (unless F = 0). In this region f 0/a deviates from a Maxwell distribu asymptotically approaches the finite value This means th at the normalization integral (3) diverges, i.e. (20) would require the presence of an infinite number of electrons. Thus it must be concluded th at a stationary solution is impossible. I t should be emphasized th at this result rests on the fact th at f 0/a remains finite as x^-cc.Thus if beyond a certain x -x' the above becomes invalid (e.g. because the electrons can ionize or excite ions of the lattice) a stationary state may be possible and (20) holds up to = This case would require further investigation. So far, however, I have not been able to incorporate internal ionization processes in a rigid way into the calculation of the distribution function.
It is worth noticing th at the energy-distribution function g(x), (15), has a minimum a t x = xmgiven by (using (20), (11) and xm^> 1)
On the other hand, from elementary considerations it has been proposed previously (Frohlich 1937 ) th at stationary conditions should no longer be possible if the energy x" for which A(x) = B(x) is smaller than the energy x' required for internal ionization.
In the light of the present investigation, disregarding the factor 3 in the above formula, this means that the distribution function should decrease with increasing x a t least up to x = x ' ,i .e. throughout the range in which the present theory can cl validity. 
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Furthermore, it can be shown th a t stationary conditions are impossible even if electrons are allowed to enter or leave a t x = 0, i.e. if t given up. A necessary condition for a stationary solution of (8) i s / 0 = 0 for Then
In contrast to (20) this function can be normalized. The current I, however, if calculated from (6) (using (9), (12) and the above value fo r /0) is found to diverge because of the very large contribution of the fast electrons.* Again one must con clude th a t a different behaviour of the fast electrons is required to establish stationary conditions. This means that, irrespective of the boundary condition, no stationary solution of (8) exists which is always positive and which leads to finite values for N and I. Finally it should be of interest to consider a simple non-stationary case. Suppose a t the time t -0 the distribution function to be very narrow, e.g.
W o (*) = S(x-x0)y
where 8(x -x0) is big near x0 only and satisfies (cf. (3))
Using (8) and (2) According to (12), B(x) *Jx is independent of x. Then, integrating several times one finds, using G2 oc x3, near x -x0
U = -B (x 0) + 2A(x0).
Making use of (6) and (9) 
a result which also follows from elementary considerations. In particular, since A increases and B decreases with x, U is positive for large x but negative for small x, a fact which has been used in § 1 to demonstrate the impossibility of reaching stationary conditions.
D e r iv a t io n o f t h e k in e t ic e q u a t io n
f x terms only* as indicated by (5). Bloch assumed / 0 to be the distribution in the absence of an external field. This is not permissible because /" has to be calculated from the theory and cannot be assumed a .f Following Bloch let the rate of change o f/b e decomposed into the two components f F and f c, denoting the contributions of the field and of the collisions respectively, i.e.
where assuming the field to be in the z-direction (vz -z-component of v) u = -f £ --w a h 1°cos®)+ terms w ith^+ -
<23)
To calculate f c use will be made of the calculation of the scattering of electrons by the lattice vibrations of a polar lattice of the NaCl type carried out in a previous paperJ (Frohlich 1937, quoted as 'A '). Let w be the wave vector of a polarization wave, and assume th a t all these waves have the same frequency v. Then an electron can either absorb or emit a quantum hv and hereby c a way th at the momentum law is fulfilled. According to ' A ' the transition probability for absorption of an hv connected with the transition of the velocity given by
where the momentum law requires
Here the charge of each of the 2 N 'ions is supposed to be mass, a is the lattice distance and n the number of quanta with wave number w present before the transition takes place. Furthermore,
E'-*E-hv.(26)
In thermal equilibrium n = ef t W -' p 1 +w = (27) * Actually the solution of the stationary equation (19) satisfies | / x |<^ | / 0 | as can be seen by inserting f'a from (19) into (9) because, considering (7), 1. t The present method has been used previously by Landau & Kompanejez (1934). Un fortunately, these authors use a wrong energy dependence for a transition probability which they denote by W. They quote Bloch as giving W cc^j' E, whereas actually W ccljyjE. This mistake completely distorts the results. J The following errors should be corrected in 'A ': (1) (2 N )^must be replaced by in equation (4a), (10) and in the equation preceding (1 (2) M,on p. 236 must be replaced by 2 h£. (3) The right-hand sides of (11a) and (12a) must be multiplied by 1
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The probability for the inverse process (emission of v' -> v) is given by
Furthermore, the transition probabilities for emission of an hv connected with an electronic transition v-> v" and for the inverse process will be required. They can be obtained from (24) and (28) (26) and (1) \m / m cos a. 
where /? is the angle between v and v' on the condition th a t £ = 0. According to (26) and (1) 
Jt is now easily obtained by making the replacements mentioned above. For the x and O's this means x->x -hv/kT, x + h v j k T 0" is given formula similar to (33). In view of the approximation E, cos /? has now the same value (34) as before. Thus
Considering (7) f ( x ± h v / k T )a nd ehvlkT can now be developed into a power series in hv/kT which converges rapidly. Then keeping in -J 2) the lowest non-vanishing term equation (30) yields (use n~kTfhv) f c (x, 6, t) 4/r2 e4 kT v 2nMaz (hv)2 m2v2 f xcos01 wdw\ . (37) The quantities B(x) and t(x) introduced in equations (8) and (9) will now be defined as
The integrals over w can easily be evaluated. Their limits have been discussed in 'A ', and the result for B and r agrees with th a t given in ' A ', equations (16) and (17).
Making use of (1) it is seen th a t equation (12) Methods for investigating the y rays from active isotopes are discussed. A method is described which permits the study of very faint samples. It is possible by this method to obtain information about the intensities as well as the energies of the y rays. Such investiga tions necessitate knowledge of the efficiency curve for a secondary-electron radiator. With the aid of the known term schemes for Na24, Mn56 and Cl38 an efficiency curve for copper is constructed.
I n t r o d u c t io n
In order to be able to establish a complete term scheme for a radioactive disintegration, it is usually necessary to determine the energies as well as the intensities of the and y components of the radiation. If the ft spectrum has several components, these may often be separated by constructing the corresponding Fermi diagram. Such a Fermi analysis will, however, meet with great difficulties, if the upper limits of the different ft components lie close together or if the components of lower energy have much lower intensities than the others. I t is, in such eases, often necessary to determine in some way the difference in energy between the different ft components, which is obtained, as is well known, in the form of y radiation.
It sometimes occurs that the ft transition from the active isotope direct to the ground state of the accompanying isotope is so strictly forbidden that it is absent. The ground state is in this case attained by the emission of one or several y quanta after the ft spectrum. Several of the lowest excited levels in the final nucleus may thus be missed, if the y radiation in the disintegration is not studied.
Likewise, the probability of transitions between the excited levels may often be determined by the study of the relation between the ft intensities; intensity investiga tions on the y radiation must sometimes also be resorted to.
